One contribution of 17 to a theme issue 'Vision in dim light'. Photoreceptors in animals are generally of two kinds: the ciliary or c-type and the rhabdomeric or r-type. Although ciliary photoreceptors are found in many phyla, vertebrates seem to be unique in having two distinct kinds which together span the entire range of vision, from single photons to bright light. We ask why the principal photoreceptors of vertebrates are ciliary and not rhabdomeric, and how rods evolved from less sensitive cone-like photoreceptors to produce our duplex retina. We suggest that the principal advantage of vertebrate ciliary receptors is that they use less ATP than rhabdomeric photoreceptors. This difference may have provided sufficient selection pressure for the development of a completely ciliary eye. Although many of the details of rod evolution are still uncertain, present evidence indicates that (i) rods evolved very early before the split between the jawed and jawless vertebrates, (ii) outer-segment discs make no contribution to rod sensitivity but may have evolved to increase the efficiency of protein renewal, and (iii) evolution of the rod was incremental and multifaceted, produced by the formation of several novel protein isoforms and by changes in protein expression, with no one alteration having more than a few-fold effect on transduction activation or inactivation.
Introduction
Phototransduction with rhodopsin pigments and a G-protein cascade emerged very early in the evolution of metazoans. Eyes containing photoreceptors are widespread among animals (figure 1) and are generally of two types: the ciliary or c-type with membrane developing from a basal body and cilium, and the rhabdomeric or r-type whose pigment-containing membranes are formed from microvilli. We do not know when these two types of photoreceptors first emerged. Ciliary photoreceptors have been found in some species of cnidarians (for example box jellyfish, see [2] ), which as a group have been shown to express a large family of opsins [3, 4] . These pigments, sometimes called cnidops, are closely related to the c-opsin family of photopigments found in the ciliary photoreceptors of some other invertebrate phyla and all vertebrates [4] . The more common photoreceptors among invertebrates are the rhabdomeric, which may also be very old, perhaps also emerging among cnidarians or their ancestors [5] . Their photopigments constitute the separate class of r-opsins.
It is easy to explain how rhabdomeric photoreceptors and r-opsins became so common in the principal eyes of invertebrates, from the small ocelli of spiders to the massive lateral eyes of giant squid. Rhabdomeric photoreceptors are excellent single-photon detectors but can also adapt and function even in bright bleaching light [6] . They can regenerate pigment quickly with light and without an enzymatic pathway. Moreover, houseflies can detect flickering light up to 300 Hz [7] , double the highest recorded value for a ciliary photoreceptor of 140 Hz in the pigeon [8] and much greater than that of the human eye, which can barely detect the flickering of a 50 Hz tungsten lamp.
Despite these obvious advantages, many invertebrate species nevertheless have ciliary photoreceptors instead of, or in addition to rhabdomeric photoreceptors (figure 1). The ciliary photoreceptors in invertebrates seem to be used & 2017 The Author(s) Published by the Royal Society. All rights reserved.
as simple light detectors and for bright-light vision like our cones. There is no evidence for a rod-like photoreceptor in any invertebrate species. Moreover, comparison of the DNA sequences of a large number of vertebrate pigments indicates that all of the cone pigments emerged before the rod pigment evolved [9, 10] . This and other evidence indicates that cones are older and that rods evolved from cells with at least some of the properties of cones. Vertebrates seem to be unique in having two distinct kinds of ciliary photoreceptors which together span the entire range of vision, from single-photons to bright-light intensities. The key step was the evolution of the rod.
These observations pose two questions. First, why are the principal photoreceptors of vertebrates ciliary and not rhabdomeric? How did rods evolve from less sensitive cone-like ciliary photoreceptors to produce our duplex retina?
Why are vertebrate photoreceptors ciliary?
Vertebrates evolved from primitive chordates, which may have had both rhabdomeric and ciliary eyes each containing only its own sort of photoreceptor. Both rhabdomeric and ciliary eyes are present in amphioxus [11] , the organism generally thought to be the closest living relative to stem chordates [12, 13] . Although nothing is known about the physiology of amphioxus ciliary photoreceptors, recordings from the rhabdomeric eyes show that their cells respond to both dim and bright light and behave in many respects like the rhabdomeric photoreceptors of arthropods [14] . If eyes of this kind were present in stem vertebrates, they were lost during the further evolution of the vertebrate line. The principal eyes of early vertebrates seem instead to have adopted c-opsins and ciliary photoreceptors, perhaps at first only cells like cones, but eventually both rods and cones and a duplex retina.
What advantage did the ciliary photoreceptors have that might have facilitated this development? It certainly was not single-photon detection or sensitivity to change or motion, because rhabdomeric photoreceptors are at least as good if not better in their sensitivity and speed of responsiveness. One possible explanation is that the density of photopigment that can be packed on the lamellae and discs of ciliary photoreceptors can be much larger than for the microvilli of rhabdomeric photoreceptors, increasing the probability of photon absorption [1] . Another is that the ciliary photoreceptors of vertebrates use less ATP and are therefore less of a drain on the energy budget of the organism. The minimizing of ATP and energy use has long been thought to play a role in the design and evolution of both sensory receptors [15] and the central nervous system [16] .
In figure 2 , we compare the calculations of ATP utilization for fly rhabdomeric photoreceptors (figure 2a; [17] ) and mammalian rods (figure 2b; [18] rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160074
underestimates. The rod calculations include the pumping of the Na þ /K þ ATPase required by the cGMP-gated conductance of the outer segment as well as other conductances in the inner segment, with (in addition) the ATP used for transduction, for the pumping of Ca 2þ at the synapse, and for regeneration of the visual pigment after light exposure. As the intensity of light is increased, ATP utilization increases in the fly but decreases in a mouse rod, for the simple reason that the biggest contributor to energy utilization in both photoreceptors comes from the pumping of ions; in fly, light opens channels, whereas in mouse, light closes them. ATP utilization for transduction is relatively minor by comparison. The energy requirement for pigment regeneration in a rod amounts to only two to three ATPs per retinal and is insignificant by comparison with the ATP required for ion pumping [18] .
A surprising feature of figure 2 is that even for the small photoreceptors of Drosophila, the expenditure of ATP in darkness is as large as in a mouse rod [18] . This is because a significant number of channels are open in darkness in a fly eye. These include voltage-gated potassium channels, required to achieve sufficient signal bandwidth; and other unidentified channels with a more positive reversal potential [17] , which are required to bias the membrane potential, so that single-photon responses can be reliably transmitted across the synapse. The energy required for pumping ions that have passed through these channels is about the same as the energy required in a mouse rod for voiding the ion influx in darkness through the cGMP-gated channels in the outer segment and the Ca 2þ channels at the synaptic terminal.
The results in figure 2 show that rods are less costly to operate than typical rhabdomeric photoreceptors. Energy utilization is about the same in darkness but, in the light, increases in a fly and decreases in a rod. In bright light, nearly all of the channels in a rod are closed, and ATP utilization decreases to only about 20% of that in darkness [18] . ATP utilization is greater in cones, because even the brightest light does not close all of the cone cGMP-gated channels [19] . The same principles will however apply, and we expect energy utilization to decrease in a cone just as in a rod, though to a smaller extent. In order to explore this question in detail, we are voltage-clamping mouse cones to measure ion currents from both inner and outer segments, so that we can calculate cone energy utilization as a function of light intensity and compare it with energy utilization in rods and rhabdomeric photoreceptors.
These considerations suggest that early chordates and primitive vertebrates may have retained both rhabdomeric and ciliary eyes like those of amphioxus, perhaps using the rhabdomeric for dim-light detection and the ciliary for brighter light much as in some other invertebrates (for example scallop, see [20] ). The gradual evolution of rods in addition to cones within the ciliary eye of stem vertebrates would have permitted these organisms to use ciliary photoreceptors over the whole range of light intensities. Because ciliary photoreceptors have higher photopigment densities and use less energy, the rhabdomeric eyes may have gradually disappeared with r-opsin retained only in the intrinsically light-sensitive ganglion cells [21] .
How did rods evolve?
Although we cannot give a complete answer to this question, there are certain features of the evolution of rods that can be described with some assurance.
(a) Rods appeared very early
We know that rods are very old because they are present in cyclostomes, which are jawless vertebrates including presentday lamprey and hagfish. The line leading to cyclostomes split from the gnathostomes (the jawed vertebrates) about 500 million years ago (Ma) in the late Cambrian (figure 1). Although the physiology of cyclostome photoreceptors was initially uncertain [1, 22] , recent suction-electrode recordings have shown that the lamprey retina has rods and cones which behave much like those of fish, amphibians and even mammals [23, 24] .
In figure 3a ,b, we show averaged responses from lamprey rods and cones (from [23] ). As in other vertebrate species, cone responses decay much more rapidly: exponential fits to the time course of decay give time constants about 10 times faster in cones than in rods. Moreover, rods are more sensitive. In figure 3c, we plot peak amplitudes of responses to brief flashes in both kinds of photoreceptors. Rods are about a factor of 70 more sensitive than cones (see also [24] ), which is well within the range of the difference in other vertebrate species [19, 25, 26] . The ultimate test of rod function is the detection of light at the physiological limit of single photons. In figure 4 (from [23] ), we compare single-photon responses from lamprey rods and mouse rods, with amplitudes plotted as a fraction of the total circulating current effectively providing the per cent channel closure as a function of time. Mouse singlephoton responses decay somewhat more rapidly, perhaps in part because of the higher temperature of the recording, but single photons close about the same fraction of channels in both species. The most likely explanation of this result is that lamprey rods or their progenitors had all of the modifications in transduction required to provide high-sensitivity vision, and that a duplex retina evolved before cyclostomes split off from other vertebrates, probably in the late Cambrian and very early in the evolution of vertebrates [23, 24] .
(b) Outer-segment morphology makes no contribution to sensitivity
Outer-segment membranes in gnathostome rods and cones have a different configuration. In rods of amphibians or mammals, most of the rhodopsin lies within the membrane of intracellular discs, which are detached from and continuously surrounded by plasma membrane except at the very base of the outer segment [28, 29] . In cones, on the other hand, the rhodopsin-containing membrane of the outer segment consists of invaginating lamellae continuous with the plasma membrane [30] . It has long been thought that this difference in morphology may be the key to the greater sensitivity of the rod. The recordings from lamprey show, however, that outer-segment morphology has no effect on absolute sensitivity. This is because lamprey rods and cones have the same outer-segment and Lampetra japonica [35] . All these studies have come to the same conclusion: the outer segments of the different kinds of photoreceptors in the lamprey retina are all identical in ultrastructure with clear regions where the plasma membrane makes infoldings to form lamellae much as in vertebrate cones. Moreover, lamprey rods and cones both renew photopigment in the same way, which is quite different from the situation among the gnathostomes. Richard Young first showed that in an amphibian or mammalian rod, isotopic labelling of newly synthesized rhodopsin accumulates at the base of the rod outer segment to form a band, which then moves up the outer segment over a period of one to two weeks until the outer segment discs are shed and engulfed by the retinal pigment epithelium [36] . In an amphibian or mammalian cone, on the other hand, labelled rhodopsin is inserted at the base as in a rod but is then free to diffuse over the whole of the outer segment [37] . This is because rhodopsin is a membrane protein, and in a cone there are no barriers to its free diffusion throughout the outer segment.
In lamprey, both kinds of cells appear to renew pigment in the same way [31] : isotopic label has been reported to spread uniformly over the whole of the outer segments of both cell types without banding much as in an amphibian or mammalian cone. This is further evidence that lamprey rods do not have discs like other vertebrate rods. Because lamprey rods and cones have an identical morphology but behave in other respects like typical rods and cones, with the rods responding to single-photons like mouse rods (figure 4), we can conclude that a rod-like morphology, with discs detached from and surrounded by the plasma membrane, is not necessary for a rod-like physiology (see also [38] ).
So why do rods have discs? We have speculated [23] that the discs provide a more efficient mechanism of membrane renewal. Because the protein in discs is kept together as it marches up the outer segment and then is finally engulfed by the pigment epithelium, all of the oldest transduction proteins are renewed in concert. Cones do not renew pigment in this way, perhaps because it is more important that 11-cis retinal have easy access to plasma-membrane opsin for rapid pigment regeneration [39] . There are, of course, other possible explanations for rod discs, which separate rod channels on the plasma membrane from the majority of rhodopsin and other transduction proteins on the discs (figure 5). It is possible that this separation leads to some increase in efficiency of signalling or protein function.
(c) Evolution proceeded incrementally
In addition to outer segment ultrastructure, vertebrate rods and cones also differ in many of the protein isoforms used in the transduction cascade, including not only the pigment molecules but also the G-proteins, phosphodiesterases (PDEs) and cGMP-gated channel subunits [40, 41] . Some proteins such as the GTPase-activating proteins (GAPs) are the same in the two kinds of cells but expressed at different levels in rods and cones [42, 43] . These differences must in some way explain the differences in sensitivity and waveform between rods and cones present in nearly all vertebrate species (figure 3). Rods and cones also release synaptic Steps contributing to rate of activation are indicated by green arrows; steps contributing to rate of inactivation by red arrows. Arr, arrestin; cGMP, 3 0 , 5 0 -cyclic guanosine monophosphate; GAP, GTPase-activating protein; GDP, guanosine diphosphate; GCAP, guanylyl cyclase-activating proteins; GMP, guanosine monophosphate; GRK, G-protein receptor kinase (rhodopsin kinase); GTP, guanosine triphosphate; hn, light; PDE, phosphodiesterase 6; P i , inorganic phosphate; Rh, rhodopsin; Rh*, light-activated rhodopsin. [16, 44] , but these distinctions are beyond the scope of this review.
In mouse, the sensitivity per Rh* is about 20 -25 times greater in a rod than in a cone (for rods, [45, 46] ; for cones, [19, 47, 48] ). Which differences in the transduction cascade might account for this difference? One way of conceptualizing this question is to separate the transduction proteins into those that act on the rate of activation of the cascade and those that act on the rate of inactivation or decay [41] . The initial rate of rise of the photoreceptor response depends on the rate of formation of light-activated PDE, the rate of decline of cGMP concentration per activated PDE molecule and the Hill coefficient of binding of cGMP to the channels (figure 5, green arrows); and this initial rate is at least two to three times faster per light-activated rhodopsin ( per Rh*) in rods than in cones [19, 48, 49] . Everything else being equal, a faster rate of activation per Rh* would produce a larger response in a rod and an increase in sensitivity. But everything else is not equal: rod responses also decay much more slowly than cone responses, and the mechanisms responsible for inactivation (red arrows in figure 5 ) seem also likely to contribute to the greater sensitivity of the rod.
In order to test the roles of activation and inactivation, much recent effort has been given to expressing cone isoforms of transduction proteins in rods to measure the resulting changes in sensitivity and waveform (see [41] ). These studies have given mixed results. In some cases experiments expressing the cone photopigment, cone transducin or cone PDE catalytic subunits in rods have produced a clear decrease in activation rate and sensitivity, as well as a speeding of response decay [50] [51] [52] , with response parameters in each case typically altered by about a factor of 2. In other experiments, little or no difference was detected [53] [54] [55] [56] [57] . Although no attempt has been made to express cone cGMP-gated channel subunits in rods, the Hill coefficient of rod and cone channels is similar ( [58] , see [59] ), suggesting that the channels may not make a significant contribution to the difference in the rate of activation.
The rate of inactivation is governed by the rate of decay of Rh*, the rate of hydrolysis of transducin-alpha-GTP (TaGTP) to TaGDP followed by rebinding of PDE inhibitory to PDE catalytic subunits, and the rate of resynthesis of cGMP by guanylyl cyclase. Differences in the decay rate of Rh* between rods and cones seem unlikely to contribute at least in mouse, because both rods and cones use the same GRK1 kinase to phosphorylate Rh*, with no marked difference in expression level [60, 61] . Moreover, mouse rods and cones use the same species of arrestin-1 to bind to phosphorylated Rh*; there is a small amount of arrestin-4 in cones, but it is unlikely to affect the rate of Rh* decay [62] . Expression of cone rhodopsin in rods produces little or no change in the waveform of the light response [53, 54] .
Rods and cones use the same GCAP proteins to modulate guanylyl cyclase activity, and deletion of the GCAPs produces about the same change in rate of inactivation and sensitivity for both kinds of photoreceptors [47, 63] . The GCAPs seem therefore to make little or no contribution to the sensitivity difference. The rate of hydrolysis of TaGTP, on the other hand, is likely to be significantly slower in rods than in cones. This rate is accelerated when cone transducin or cone PDE is expressed in rods [51, 52] ; moreover, cones have a higher expression level of the GAP proteins, which are essential for rapid extinction of PDE activity [64] . The basal rate of cGMP resynthesis seems also to be faster in cones, and this difference could also contribute to the faster recovery of the cone response. The expression of guanylyl cyclase may be two to three times higher in cones (A. Dizhoor 2016, personal communication), and the rate of cGMP turnover in darkness is about threefold greater, at least in salamander, the only species where these measurements have been made [65, 66] .
We can summarize these observations in the following way. Many attempts have been made to compare the effects of individual elements of the transduction cascade between rods and cones, both by expressing cone genes in rods and by measuring differences in the biochemical or physiological properties of the two kinds of photoreceptors. Although not every protein in the transduction cascade has been investigated, we probably know enough to be able to say that substituting a rod protein isoform with a cone isoform or changing the expression level of guanylyl cyclase or the GAP proteins can produce a significant change in photoreceptor sensitivity or time course of response decay. These effects, however, are never very large, at least in mouse (for other species, see [67] ), probably amounting to a change in sensitivity or rate of decay of no more than a factor of 2 in each case.
The clear implication is that no one change by itself is responsible for the increase in sensitivity and slower recovery of the rod response. Instead, evolution seems to have proceeded by a series of small steps of gene duplication and evolution of distinct isoforms, accompanied by changes in the expression of some of the transduction proteins. That is, evolution proceeded incrementally, gradually increasing the sensitivity of the photoreceptor by a series of small changes in many of the elements of the transduction cascade.
Evolution of rod vision
Early chordates may have had ciliary eyes with photoreceptors like cones and rhabdomeric eyes with photoreceptors like those in arthropods. Ciliary photoreceptors are widespread among invertebrates, but these cells seem to resemble cones and function in bright light. During the evolution of vertebrates, the duplication of genes and formation of new protein isoforms together with changes in protein expression seem to have permitted the formation of a new kind of ciliary photoreceptor sensitive enough to give detectable responses to single photons. Cones would have been retained, so that their greater sensitivity to change and motion could be exploited at brighter intensities, when photon flux is not as limiting. The evolution of the rod required many changes in the genetic make-up of the photoreceptor, each one of which seems by itself to have had only a small effect on sensitivity and rate of decay. The gradual accumulation of all of these changes over many generations would, however, have given early vertebrates a duplex retina capable of spanning the entire range of stimulus intensities.
Once the ciliary eye of early vertebrates was able to function at both scotopic and photopic light levels, rhabdomeric eyes seem to have disappeared in the line to the vertebrates, perhaps because of the greater energy burden they place upon the organism. Although the evolution of the rod and the duplex retina would have taken many generations, it must nevertheless have occurred very early: rods are present in every class of vertebrates including jawless cyclostomes, which split off from the rest of the vertebrates approximately 500 Ma. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160074
Moreover, the properties of lamprey rods and cones are very similar to those of rods and cones of gnathostomes. Recent experiments have shown, for example, that light adaptation in lamprey rods and cones is virtually indistinguishable from that in other vertebrates [68] . The early emergence of this new kind of ciliary photoreceptor together with the other retinal cells and synaptic pathways required for dim-light vision permitted the formation of the duplex retina, first postulated 150 years ago by Schultze [69] , and now recognized to be a fundamental feature of vertebrate photodetection.
